ABSTRACT The relationship between damage by citrus leafminer , Phyllocnistis citrella Stainton, and ÔTahitiÕ lime yield were investigated in a 15-yr-old and a 5-yr-old lime orchard. Citrus leafminer population densities were controlled by insecticide applications of abamectin plus FC 435 oil, abamectin plus FC435 oil plus imidacloprid, and methomyl. The control was not treated. To ensure adequate citrus leafminer densities, adult citrus leafminer were periodically released in the experimental plots during fall and winter. For the 15-yr-old trees, the least amount of leaf area damage occurred in the abamectin plus FC 435 oil plus imidacloprid (1.9%) and the abamectin plus FC435 oil (2.3%) treatments compared with the control treatment (10 Ð21%). In the 5-yr-old orchard, the least amount of leaf area damaged occurred in the abamectin plus FC 435 oil plus imidacloprid (0.4%) and the imidacloprid (0.1%) treatments compared with the control (20.85%). The percentage of leaf area damaged was linearly correlated with the average number of mines per leaf, average mine days, and cumulative mine days in both orchards. In both orchards, the percentage of leaf area damaged and cumulative mine days was linearly correlated with the number of fruit per tree and total fruit weight per tree. Calculating the economic injury levels indicated that 16 Ð23% and 18 Ð 85% of leaf area damaged caused signiÞcant yield reductions in 15-yr-old and 5-yr-old trees, respectively.
THE CITRUS LEAFMINER, Phyllocnistis citrella Stainton, is an immigrant pest, originating in Asia and introduced to almost all regions where citrus species are grown (Clausen 1931 , Beattie 1993 . The Þrst report for the continental United States was in Homestead, FL, in May 1993 . Since then, citrus leafminer has been considered a major biotic constraint to the production of ÔTahitiÕ lime, Citrus aurantifolia Christmas (Swingle).
Adult citrus leafminer oviposit on young leaves and destroy the epidermis by mining the leaf surfaces (Sohi and Verma 1965, Achor et al. 1997, ) . Leaf mines are usually on the abaxial surface but also can be found on the adaxial surface, resulting in a typical injury characterized by twisted galleries and the epidermis appearing as a silvery Þlm (Pandey and Pandey 1964) . This eventually results in necrotic tissue, leaf curling, and often abscission of infested tissue. The effect of citrus leafminer damage on growth and productivity of citrus has not been clearly deÞned (Knapp et al. 1995, Binglin and Mingdu 1996) . Schaffer et al. (1997) reported that the number of citrus leafminer larvae per leaf and the number of days mining were correlated with leaf damage of ÔTahitiÕ lime. However, the number of days mining was more highly correlated with leaf damage than the number of larvae per leaf. Schaffer et al. (1997) also observed that net photosynthesis of lime was negatively correlated with leaf damage by citrus leafminer. However, the percentage of annual leaf ßushes that needs to be protected from citrus leafminer damage, thereby preventing economic reduction in tree growth and yield, has not been determined in Florida for any citrus species (Knapp et al. 1995) or for lime anywhere in the world. In fact, there are very few reports worldwide on the relationship between citrus leafminer density and yield of affected crops (Huang and Li 1989) . In China, Huang and Li (1989) reported an economic threshold of 0.74 citrus leafminer larvae per tender citrus leaf and a signiÞcant reduction of growth and yield when Ͼ20% of the leaf area was damaged.
The purpose of this study was to assess the impact of citrus leafminer on yield of ÔTahitiÕ lime in Florida and to determine the economic injury levels (EIL) and derived economic thresholds (ET) for citrus leafminer.
Materials and Methods
Field experiments were conducted in two ÔTahitiÕ lime orchards located at the University of Florida Tropical Research and Education Center in Homestead (25.3ЊN latitude, 80.2ЊW longitude) during 1994 Homestead (25.3ЊN latitude, 80.2ЊW longitude) during , 1995 Homestead (25.3ЊN latitude, 80.2ЊW longitude) during , and 1996 . One orchard was 5 yr old and the other was 15 yr old. In each orchard, citrus leafminer densities were artiÞcially adjusted to four citrus leafminer densities (treatments) by applying insecticides to four treatments at different rates and combinations and applying no insecticides to the Þfth (control) treatment.
The treatments were as follows: (1) abamectin (Merck, Sharp & Dohme, Rahway, NJ) applied as foliar treatment at 0.01 kg (AI)/ha ϩ (1%) FC435 oil; (2) imidacloprid 2 F (Bayer AG, Kansas City, MO) applied as a soil treatment at 0.5 kg (AI)/ha, (3) abamectin ϩ FC 435 Oil ϩ imidacloprid applied at the same rates as described above, (4) methomyl (DuPont, Wilmington, DE) at 0.45 kg (AI)/ha, and (5) untreated control. Results from previous experiments (Peñ a and Duncan 1993, Peñ a 1994) have demonstrated that abamectin plus FC oil suppressed citrus leafminer densities for Ϸ20 d, whereas a rate of 0.5 kg/ha of imidacloprid could maintain the citrus leafminer infestation level below that of the untreated control for Ϸ60 d. Thus, abamectin plus FC oil was applied every 20 d and imidacloprid was applied every 60 d. Methomyl was included in the treatments, based on an a priori test where an increase of citrus leafminer density followed a methomyl application (Peñ a and Duncan 1993), probably because of its effect on the parasitoids and predators.
To ensure adequate citrus leafminer densities in the control treatment, Ϸ1,200 adult citrus leafminer were released bimonthly in the experimental plots during fall and winter. Adult citrus leafminer were obtained from a citrus leaves with citrus leafminer larvae and pupae held in 1-liter paper cartons in the laboratory at 21 Ϯ 3ЊC and 75Ð 80% RH until adult emergence. Each treatment consisted of four replicates with three trees per replicate. Treatments were arranged in a randomized complete block design. Applications were made using a John Deere T2 (East Moline, IL) hand gun sprayer calibrated to deliver 534 liters of spray mixture per hectare at 80 psi.
A sampling protocol was established along the ßushes that reßected the apparent gradient of larval infestation. Leaves in the ßushes were classiÞed on the basis of their place of origin. Leaves were counted from the apex to the base of the ßush. Leaf age decreased as distance from the base of the ßush increased (i.e., the apical leaf was the youngest leaf on the ßush) . One ßush with 9.82 Ϯ 3.58 leaves (mean Ϯ SE) was randomly collected from each tree during each sampling date. The numbers of mines on the adaxial and abaxial surfaces were determined for each leaf. The total percentage of leaf area damaged also was determined for each leaf. Leaf area damaged was visually estimated as follows: each surface was considered to be 50% of the total leaf area, thus the adaxial and abaxial leaf surfaces represented 100% of leaf area. Citrus leafminer damage was deÞned as the visual percentage of leaf area mined by larvae . Weekly counts of citrus leafminer mines and visual estimates of the percentage of leaf area damaged were done every 15 d from November 1994 through December 1995 for 15-yr-old trees and from November 1994 through October 1996 for 5-yr-old trees. It was demonstrated earlier by Schaffer et al. (1997) that the amount of physical injury increased with the number of mine days; thus we used the term "cumulative mine days" to determine the number of days that citrus leafminer caused a reduction of leaf area. Bimonthly mine counts were used to calculate cumulative mine-days per leaf with one mine day deÞned as one mine per leaf per day. Cumulative mine days were calculated as the mean of two successive counts (mean number of mines per leaf) multiplied by the number of days between successive counts, and then summed over the season, following a modiÞcation of the procedure described by Wyman et al. (1979) and Beers and Hull (1987) for mites. Analysis of variance (ANOVA) was conducted on the data using the general linear model (GLM) procedure (SAS Institute 1987) . For parameters that showed a signiÞcant main effect, means of each treatment were separated using the least signiÞcant difference (LSD) test with the means option (SAS Institute 1987) .
Linear regression analysis was used to correlate the percentage of leaf damage with the total number of mines per leaf. Fruit yields were obtained by harvesting all mature fruit from each tree during each harvest period. The total number of fruit per tree was counted and fruit weight per tree was determined. Linear regression analysis was used to correlate citrus leafminer density with tree yield. Orchards were analyzed separately to account for the effects of differential tree age.
Economic injury levels (EIL) were determined with two different linear regression (y ϭ a ϩ bx) models. The models differed based on the variables inputed into the regression equation. In one model, y is the number of fruit per tree, a is the intercept of the regression line, x is the percentage leaf area damaged, and b is the regression coefÞcient. In the other model, y is fruit weight (kg/tree) and x is the percentage of leaf area damaged per sampling date. Economic injury levels were deÞned as EIL ϭ c/p/b, where c is the total cost of controlling the pest per hectare, p is the price or market value of the crop per hectare, and b is the regression coefÞcient from the regression equation used (Stone and Pedigo 1972) .
Results and Discussion
Citrus Leafminer Infestation as Affected by Chemical Treatments. For the 15-yr-old trees, the number of citrus leafminer mines per leaf was 1.0 Ϯ 0.03 in the untreated control and ranged between 0.19 Ϯ 0.02 and 0.12 Ϯ 0.01 mines per leaf in the abamectin plus FC oil and abamectin plus FC oil plus imidacloprid treated plots, respectively, indicating an 81 and 88% reduction in the number of mines compared with the control (F ϭ 2.56; df ϭ 4, 19; P Ͻ 0.05) ( Table 1 ). The number of citrus leafminer mines in the imidacloprid treated plots was 0.45 Ϯ 0.02, approximately a 55% reduction compared with the control treatment. The number of citrus leafminer mines was 0.48 Ϯ 0.04 in the methomyl treated plot, also indicating about a 55% reduction in number of mines compared with the control. In general, the treatments abamectin plus FC oil and abamectin plus FC oil plus imidacloprid had the lowest number of mines per leaf compared with single applications of imidacloprid, methomyl, or the control for 15-yr-old trees.
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In the 15-yr-old orchard, the mine days for the untreated control was 31.68 Ϯ 1.90 and ßuctuated between 10.62 Ϯ 1.08 and 10.26 Ϯ 1.11 for the abamectin plus FC oil plus imidacloprid and abamectin plus FC oil treated plots, respectively, indicating a 66 Ð 67% reduction compared with the control (F ϭ 2.84; df ϭ 4, 19; P Ͻ 0.05) ( Table 1 ). The cumulative mine days was 230.69 Ϯ 5.63 for the untreated control and 79.19 Ϯ 1.12 and 80.32 Ϯ 1.29 for the abamectin plus FC oil plus imidacloprid and the abamectin plus FC oil treated plots, respectively, indicating a 65Ð 67% reduction in the number of cumulative mine days (F ϭ 2.49; df ϭ 4, 19; P Ͻ 0.05) ( Table 1) .
For the 5-yr-old trees, the number of mines per leaf in the untreated control was 2.03 Ϯ 0.43 compared with 0.31 Ϯ 0.17 and 0.33 Ϯ 0.15 mines per leaf in the imidacloprid and abamectin plus FC oil plus imidacloprid treatments, respectively, indicating 85 and 86% reductions in the number of mines compared with the control (F ϭ 14.71; df ϭ 4, 19; P Ͻ 0.001) ( Table 2 ). The numbers of citrus leafminer mines observed in the abamectin plus FC oil treated plot was 1.34 Ϯ 0.40, indicating a 28% reduction compared with the untreated control treatment. The number of citrus leafminer mines collected in methomyl treatment was 1.71 Ϯ 0.42, indicating only a 14% reduction compared with the untreated control. Mine days and cumulative mine days were signiÞcantly reduced in the trees treated with abamectin plus FC oil plus imidacloprid and imidacloprid compared with untreated control (F ϭ 7.49; df ϭ 4, 19; P Ͻ 0.001 and F ϭ 11.31; df ϭ 4, 19; P Ͻ 0.001, respectively) ( Table 2) .
The use of imidacloprid by itself in the 15-yr-old orchard showed a less marked effect on citrus leafminer density than when the product was used in 5-yr-old trees. The contrast in the results in the plots treated with imidacloprid between the 5-yr-old trees and 15-yr-old trees may be related to the dosage of insecticide applied because the dosage per tree needed to be increased for older trees to achieve similar citrus leafminer reductions.
Relationship Between Mines per Leaf and Cumulative Mine Days. Citrus leafminer cumulative mine day density increased exponentially for both tree ages (Fig 1) . Cumulative leaf mining days has been postulated to be the best method to correlate citrus leafminer density and feeding duration with leaf damage symptoms . The relationship between the average mines per leaf and the average cumulative mine days was linearly correlated and signiÞcant, for the 5-yr-old orchard (y ϭ 3.47 ϩ 38.77x, r 2 ϭ 0.93, P ϭ 0.008, n ϭ 59), and for the 15-yr-old orchard (y ϭ 0.03 ϩ 153.06x, r 2 ϭ 0.99, P ϭ 0.007, n ϭ 59), where y is cumulative mines and x is the number of mines per leaf. Average mine days and cumulative mine days were linearly correlated and signiÞcant (y ϭ Ϫ9.76 ϩ1.01x, r 2 ϭ 0.67, P ϭ 0.05, n ϭ 59), for the 5-yr-old trees and 15-yr-old trees (y ϭ 1.34 ϩ 3.10x, r 2 ϭ 0.97, P ϭ 0.002, n ϭ 59), where y is cumulative mine days and x is mine days. In both the 5-yr-old and 15-yr-old orchards, there were highly signiÞcant correlations between the percentage of leaf area damaged and the number of mines per leaf, mine days, and cumulative mine days (Table 3) . Relationship Between Damage and Fruit Number and Weight. There were signiÞcant differences in the number of fruit per tree and fruit weight per tree among treatments for 15-yr-old and 5-yr-old trees. As would be expected, the older trees had more fruit and thus signiÞcantly more fruit weight per tree. In the 15-yr-old orchard, the lowest reduction in fruit number and fruit weight was observed for the untreated control, which also had the most cumulative mine days (230.69 Ϯ 5.63) and the greatest amount leaf area damaged (10.3%) (F ϭ 116.43; df ϭ 4, 19; P Ͻ 0.001) ( Table 1 ). In the 15-yr-old orchard, there was a 39% reduction in the number of fruit per tree (F ϭ 2.62; df ϭ 4, 19; P Ͻ 0.05), and a 61% reduction in fruit weight per tree (F ϭ 2.97; df ϭ 4, 19; P Ͻ 0.01) for the control compared with the abamectin plus imidacloprid treatment, which gave the most effective control of citrus leafminer (Table 1 ). In the 5-yr-old orchard, reducing citrus leafminer density and the number of mines per leaf resulted in a signiÞcant increase in the numbers of fruit and fruit weight. For the two most effective treatments, abamectin plus imidacloprid and imidacloprid, there was a 73% and 56.5% increase in number of fruit per tree, respectively, compared with the control treatment (F ϭ 3.42; df ϭ 4, 19; P Ͻ 0.05) ( Table 2) . In this orchard, fruit weights per tree in the abamectin plus FC oil plus imidacloprid and abamectin plus FC oil treatments were increased by 73.2% and 53.6%, respectively, compared with the control treatment (F ϭ 3.82; df ϭ 4, 19; P Ͻ 0.05) ( Table 2) . SigniÞcant damage (F ϭ 295.75; df ϭ 4, 19; P Ͻ 0.001) occurred as the result of citrus leafminer feeding at the Five-year-old trees had a 72Ð73% reduction in the number of fruit and fruit weight per tree, respectively, compared with the number of fruit and fruit weight per tree obtained in the trees treated with abamectin plus FC oil plus imidacloprid ( Table 2 ). The highest reduction in fruit weight for the highest level of damage for 5 yr-old trees was 338 Ϯ 4.36 cumulative mine days. Schaffer et al. (1997) observed that the number of days mining and the number of citrus leafminer larvae per leaf were negatively correlated with the net photosynthesis rate of ÔTahitiÕ lime. Thus, the reduction in fruit number and weight caused by citrus leafminer damage in the control treatment compared with the insecticide-treated plots presumably resulted from a decrease in the net photosynthetic rate caused by a reduction of healthy leaf area. However, overcompensation of yield to insect injury was observed in the methomyl plots where infestation levels were equal to 319.6 Ϯ 1.6 cumulative mine days compared with lower yields obtained for lower infestation levels of 59.6 Ϯ 3.72 and 263.8 Ϯ 3.79 in the abamectin plus FC oil and imidacloprid plots, respectively (Table 2) . Economic Threshold. There was a signiÞcant negative linear relationship between kilograms of fruit per tree (y) and the percentage leaf area damaged for the 5-yr-old (y ϭ 1.23Ð 0.03x; r 2 ϭ 0.23, P ϭ 0.003, n ϭ 60) and 15-yr-old trees (y ϭ 9.06 Ð 0.34x, r 2 ϭ 0.21; P ϭ 0.001, n ϭ 60) and between the number of fruit per tree (y) and the percentage leaf area damaged for the 5-yr-old (y ϭ 17.85Ð 0.47x; r 2 ϭ 0.21, P ϭ 0.006, n ϭ 60) and 15-yr-old trees (y ϭ 124.17Ð 4.47x; r 2 ϭ 0.20, P ϭ 0.006, n ϭ 60) (Table 4) . Yield-loss relationships obtained during this study were used to determine the economic feasibility of selected pest management treatments. Gain thresholds or the yield required to offset control costs (Stone and Pedigo 1972) were developed from current (1997) lime market values and control costs. Gain threshold is the result of dividing the total cost of management procedures per market value of the crop per hectare (Stone and Pedigo 1972) . Labor and materials to control citrus leafminer with imidacloprid averaged $542/ha. Control of citrus leafminer with abamectin and FC 435 oil cost $395/ha; if both products are used the total cost is $937/ha per season. The average lime market value ßuctuates between $0.58 to $1.00/kg (J. Crane, personal communication) per season. Therefore, the calculated gain thresholds for citrus leafminer control ßuctuate between 937 and 1,615.55 kg/ha (Table 5) . Thus, the yield loss necessary per tree, if the number of trees per hectare equals 625, would be 1.49 to 2.54 kg/tree. For a 15-yr-old lime crop, 1.49 and 2.54 were substituted in the equation, y ϭ 9.03Ð 0.34x, where x is the percentage of damage that would be tolerated. Thus, 23Ð20% damage to the leaf area would be the EIL for 15-yr-old orchards grown under these conditions (Table 5 ). For 5-yr-old orchards, replacing the gain thresholds per tree (1.49 Ð2.54) for y in the equation y ϭ 1.33Ð 0.03x; then x ϭ 18 Ð 40% of leaf area damage that can be tolerated for 5-yr-old ÔTahitiÕ lime trees in Florida. If the tree lime density per hectare equals 416 trees/ha, the gain threshold will ßuctuate between 2.25 and 3.88 kg/tree, resulting in EILs of 16 Ð20% damage for 15-yr-old orchards and 30 Ð 85% for 5 yr-old orchards (Table 5) .
The EIL also can be estimated by determining the cumulative mine days which may cause yield loss per tree, where y is kg/tree and x is cumulative mine days. Y ϭ 119.85Ð 0.26x (r 2 ϭ 0.94, F ϭ 292.91; P Ͼ 0.001; n ϭ 60) for a 15-yr-old orchard; therefore, EIL per tree for 15-yr-old lime orchards will ßuctuate between 446 and 455 cumulative mine days, depending on the gain threshold and the tree density per hectare. The correlation between yield per tree and cumulative mine days was not signiÞcant for a 5-yr-old orchard (Y ϭ 9.89 Ð 0.01x, r 2 ϭ 0.22, F ϭ 5.07, P Ͼ 0.43; n ϭ 60), therefore we are not conÞdent that the EILs of 601Ð 840 cumulative mine days derived from this equation would be accurate.
The injury-yield response functions presented here were developed from 1994 through 1996 data. These functions do not take into consideration the inßuence f EIL for a 5 year-old tree: gain threshold ϭ 1.33 Ϫ 0.03 (% leaf area damaged).
g EIL for a 15-year-old tree: gain threshold ϭ 119.85 Ϫ 0.26 (cumulative mine days).
h EIL for a 5-year-old tree: gain threshold ϭ 9.89 Ϫ 0.01 (cumulative mine days).
of weather or biological processes (parasitism, predation) on the response injury studied in those years.
Similar to our Þndings, Huang and Li (1989) provided an EIL for orange caused by 20% leaf area damaged by citrus leafminer. However, in determining EIL Huang and Li (1989) ignored economics for control citrus leafminer. Our EILs of 16 Ð23% damage to the leaf area can be attributed to the high cost of citrus leafminer suppression, expected yield from 15-yr-old trees, and the high value of limes. EILÕs of 18 Ð 85% leaf area damaged, can also to be attributed to the low yields obtained from the 5-yr-old trees. Differences in growth patterns between the two ages of the trees studied may partially explain why different injury response functions were observed for 5-yr-old and 15-yr-old lime trees. Current EILs were developed by applications of pesticides to keep citrus leafminer populations at different levels. This method is probably not the most accurate (Hammond and Pedigo 1982) , but probably is the closest for providing an accurate estimation of yield loss if citrus leafminer injury is properly measured.
A disadvantage of using injury as a measure of damage potential is that the injury sampled has already occurred and cannot be prevented (Ring and Benedict 1993) . However, accurate sampling citrus leafminer larvae is more difÞcult and time consuming (Peñ a and Schaffer 1997) than sampling injury from citrus leafminer. Developing EILs based on the injuryyield response function is a more practical procedure than sampling larvae.
